Fam198a is a member of four-jointed protein kinases, a secreted protein kinase family. It was identified as a caveolae-associated protein and colocalized with cavin-1 and caveolin-1 in both tissues and cells. The newly synthesized Fam198a precursor in endoplasmic reticulum (ER) was transported by caveolae biogenesis vesicles to Golgi apparatus in which it was proteolytically cleaved into the secreted mature form. The amino acid mutation analysis identified Arg 120 and 437 as the proteolytic sites in Fam198a precursor during maturation. In mouse embryo fibroblasts (MEFs) obtained from cavin-1 −/− or caveolin-1 −/− mice, Fam198a precursor was retained in ER and no mature Fam198a could be formed in these cells. Ectopic expression of exogenous cavin-1 in cavin-1 −/− MEFs restored the blocked Fam198a post-translational process and secretion. Cavin-1 was also required for Fam198a secretion after its maturation in Golgi apparatus. Ectopic expression of cavin-1 in A549 cells restored the blocked Fam198a secretion. These results suggest that protein secretion is an important function for caveolae biogenesis pathway and the disruption of caveolae system will affect those functions played by the secreted proteins.
Introduction
Caveolae are small omega-shaped membrane invaginations on cell surface and are involved in numerous membrane functions, such as membrane lipid metabolism, membrane trafficking, cell motility, and virus infection [1] [2] [3] [4] [5] [6] [7] . Caveolin-1 and cavin-1 are the major scaffold proteins of caveolae. Caveolin-1 inserts into the inner leaflet of plasma membrane and forms the inner scaffold coat [8, 9] . Cavin-1, on the other hand, forms a peripheral complex outside the caveolin coat [5, 6, [8] [9] [10] [11] . They associate with each other to form the protein coating that surrounds caveolae [4, 9] . It is not clear how caveolin-1 and cavin-1 interact with each other because they have no confirmed direct interaction outside caveolae [3, 12] . Yet, neither one is able to stably exist alone in mammalian cells. Lacking either one of them causes the decrease of the other and ablates the caveolae completely [3] [4] [5] [6] 9, 13] . Besides the aforementioned cellular functions [1] [2] [3] [4] [5] [6] [7] , caveolae are also being implicated in cancer growth, even though the results are confusing [14, 15] .
Four-jointed protein kinases family has six members, Fjx1, Fam20A, Fam20B, Fam20C, Fam198a, and Fam198b, which not only share a protein kinase domain, but also an N-terminal Golgi apparatus signal peptide [16] . Fam20C is the first reported secreted protein kinase that plays an important role in bio-mineralization [17] . Fam198b (Ened) has been reported as a new target gene of FGFR signaling pathway in Xenopus and mouse at the transcriptional level [18] . However, little biochemical information about Fam198a is known except that the exogenous expressed Fam198a is a secreted protein [17] . According to protein database (www. proteinatlas.org), the expression of Fam198a in tissues exhibits a strong correlation with caveolar proteins, such as caveolin-1 and cavin-1 [19] [20] [21] . They are co-expressed in fat cells, muscle cells, lung pneumocytes, mesenchymal cells, myoepithelial cells, stem cells of gland epithelia, squamous epithelia, and most importantly basal layer epithelia [22, 23] . The basal layer is not only critical for epithelia reconstruction, but also is related to tumor initiation and progression [23] [24] [25] [26] . It has been reported that Fam198a mutation is associated with drug resistance in cancer patients [27] . These observations provide us the cue to investigate Fam198a and its secretion.
By proteomics analysis of caveolae-associated proteins, we identified that Fam198a is among the top caveolae-associated proteins. It is consistent with the proteinatlas database (www.proteinatlas. org) in which Fam198a, caveolin-1, and cavin-1 exhibit strong correlation of tissue expression. Following these cues, we found that Fam198a relied on caveolae biogenesis pathway for its posttranslational process and secretion. Without cavin-1, Fam198a was retained in ER and could not be processed and secreted. In this study, we reported the post-translational process of Fam198a precursor during secretion, the key amino acids for proteolytic cleavage and its utilization of caveolae biogenesis pathway for secretion.
Materials and Methods

Animals
Animals were kept in the animal facility of Institute of Biochemistry and Cell Biology (Shanghai, China). The experiments were performed under the ethical guidelines of the institute. Cavin-1 knockout mice and caveolin-1 knockout mice were obtained from The Jackson Laboratory (Bar Harbor, USA). Heterozygous mice were crossed to breed homozygous mice.
Antibodies
Anti-Caveolin-1 [sc-894; 1:1000 for western blot analysis (WB)], anti-calnexin [sc-11397; 1:1000 for WB, 1:500 for immunofluorescence (IF), and 1:200 for immunohistochemical staining (IHC)], anti-GFP (sc-9966; 1:1000 for WB and 1:500 for IF), anti-HSP90 (sc-7947; 1:1000 for WB), and anti-Akt-1 (sc-5298; 1:1000 for WB) antibodies were purchased from Santa Cruz (Santa Cruz, USA). Anti-Caveolin-1 (610407; 1:500 for IF), and anti-GM130 (610822; 1:1000 for WB, and 1:500 for IF) antibodies were from BD Transduction Laboratories (San Jose, USA). Anti-Cavin-1 (ab48824; 1:1000 for WB, 1:500 for IF, and 1:200 for IHC) antibody was from Abcam (Cambridge, UK). Anti-myc (AE010; 1:1000 for WB) antibody was from ABclonal Technology Ltd. (Wuhan, China). Anti-HA (100028; 1:1000 for WB) antibody was from Sino Biological Ltd. (Beijing, China). Anti-Fam198a (HPA047726; 1:1000 for WB, 1:500 for IF, and 1:200 for IHC), anti-Flag (F1804; 1:1000 for WB), and HRP-conjugated secondary antibodies (1:2000) were from Sigma (St Louis, USA). Alexa Fluor ® 546 or 488 conjugated donkey anti-Mouse or anti-Rabbit IgG secondary antibodies (1:500) were from Molecular Probes (Waltham, USA).
Plasmids construction
Human Fam198a cDNA (NM_008986.2) was cloned from A549 cells and constructed into pCMV-tag2b (Sigma, St Louis, USA), or piggybac vector PB513B-1 (System Biosciences, Palo Alto, USA). Mouse cavin-1/PTRF constructs were described in previous paper and were constructed into plvx-IRES-zsgreen vector (TaKaRa, Dalian, China) [28] . Truncation, deletion, insertion, or point mutations were carried out by PCR. The sequences of primers are described in Supplementary Table S1 . All the mutations were confirmed by sequencing analysis. [28] . In brief, E12.5 embryos were obtained from the pregnant mice. The embryonic body was cut into small pieces and digested with collagenase A (7 units/ml) in DMEM.
Cell culture, transient transfection and lentivirus infection
The dispersed cells were incubated in petri dish and non-adherent cells were discarded after 1 h incubation. Cells that adhere to the culture dish were collected and propagated. The transfection was performed using Lipofectamine 3000 from Invitrogen (Carlsbad, USA) following manufacture's protocol. Experiments were conducted at 48 h after transfection. For lentivirus infection, cavin-1 and its mutations were constructed into plvx-IRES-zsgreen plasmids (TaKaRa) and then transfected into 293 T cell with Δ8.9 and vsvg plasmids (Addgene, Cambridge, USA). After 48 h, collected culture media of 293 T cell were diluted two times with DMEM and then filtered with 0.45 μm filter membranes. For infection, 8 μg/ml polybrene were added into culture media.
Isolation of lipid microdomains
Cultured 3T3-L1 or A549 cells were collected in 2 ml ice-cold MBS lysis buffer containing 0.5% Triton X-100, 25 mM Mes (pH 6.8), 150 mM NaCl, 5 mM EDTA, 1 mM PMSF and 2 μl/ml protease inhibitors cocktail 1 and 2, and mixed with equal volume of 90% sucrose in MBS buffer. The mixture was placed at the bottom of a 12 ml ultra-centrifuge tube and overlaid with 4 ml of 35% sucrose and 4 ml of 5% sucrose in MBS buffer. The gradient was centrifuged at 180,000 g for 20 h in a SW41 rotor from Beckman (Pasadena, USA) at 4°C and fractions were collected after centrifugation [29] .
Isolation of intracellular membranes fractionation
Cells were homogenized with a Dounce homogenizer in neutral isotonic buffer containing 10 mM Hepes (pH 7.4), 0.25 M sucrose, 1 mM EDTA, 2.5 mM dithiothreitol, 1 mM MgCl 2 , 1 mM PMSF, and 2 μl/ml protease inhibitors cocktail 1 and 2. Cell lysate was fractionated by a discontinuous sucrose-density gradient composed of 1 ml 0.6 M sucrose, 1 ml 0.86 M sucrose, 2.5 ml 1.06 M sucrose, 2.5 ml 1.18 M sucrose, 2.5 ml 1.4 M sucrose, and 2 ml 2 M sucrose, and then centrifuged at 100,000 g for 20 h at 4°C [30] . The fraction (1 ml) was collected and the pellet containing cell debris was discarded.
Western blot analysis
For whole-cell western blot analysis, the cells were lysed in the 1 × loading buffer (0.1 M Tris-HCl pH 6.8, 10% Glcerol, 1% sodium dodecyl benzene sulfonate, 0.05% bromophenol blue). For the western blot analysis of the cell fraction, one volume of the protein solution is added to the 2 × loading buffer. After 10 min boiling, the samples were electrophoresed in polyacrylamide gels, then electrically transferred to the PVDF membrane. After being blocked with 5% skim milk in TBST, the membrane was incubated with primary antibody, then incubated with secondary antibody, exposed to ECL solution from GE (Bethesda, USA) [30] . The specific information for antibodies were in the antibody section. For the analysis of secreted Fam198a, cells were washed by DMEM for three times to remove the residual serum and then incubated in fresh DMEM for 4 h for making protein secretion. The medium that contains secreted proteins was collected and the proteins were precipitated by adding 5-fold volumes of cold acetone.
Confocal microscopy and tissue immunohistochemistry
For immunofluorescence imaging, cells or tissue samples were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS). The tissue samples were then frozen sectioned or paraffin sectioned. The cells or tissue sections were incubated with 0.1% Triton X-100 and 3% bovine serum albumin in PBS, and then incubated with primary antibody and fluorescein conjugated secondary antibody. Images were photographed by Leica SP8 laser scanning confocal microscope from Leica (Munich, Germany). For cells expressing eGFP-tagged protein, the paraformaldehyde-fixed cells were visualized directly with a confocal microscope. For immunohistochemistry, after primary antibody incubation the slides were incubated with HRPconjugated secondary antibody and then developed by using DAB (3,3′-diaminobenzidine) system from Vector Labs (Burlingame, USA).
Stochastic optical reconstruction microscopy
Cells on glass bottom petri dishes were fixed, permeated and blocked following immunofluorescence imaging protocol. After incubation with primary antibody at room temperature for 2 h, the cells were stained with activator-reporter paired secondary antibodies 405-647 and Cy3-647 from Life Technologies (Grand Island, USA) for 1 h, post-fixed with 4% paraformaldehyde for 10 min and washed for N-stochastic optical reconstruction microscopy (N-STORM) double channels super-resolution imaging. STORM image buffer was prepared according to the manual from Nikon and a report from Zhuang Lab [31] . In brief, the stocking buffer A containing 10 mM Tris (pH 8.0), 50 mM NaCl; buffer B containing 50 mM Tris (pH 8.0), 10 mM NaCl, 10% Glucose; and 1 M ethanolamine (MEA) in 0.25 M HCl. GLOX solution was prepared by mixing 14 mg Glucose Oxidase, 50 μl Catalase (17 mg/ml) and 200 μl Buffer A. STORM imaging buffer was freshly prepared by mixing 7 μl GLOX, 70 μl 1 M MEA and 620 μl buffer B and used to immerse the cells. STROM signal was collected at 405 nm and 546 nm wave length for about 300 frames and analyzed on Nikon STORM platform (Nikon, Tokyo, Japan).
Tissue RNA extraction and real-time quantitative PCR
Fresh mouse tissue (100 mg) was placed in a beaded homogenate tube. One milliliter of Trizol reagent was added and the tissue was shredded on a homogenizer. Then 200 μl of chloroform was added and the water phase was collected by centrifugation at 13,400 g for 15 min at 4°C. An equal volume of isopropanol was added to the aqueous phase, and left to stand at room temperature for 5 min. The supernatant was discarded by centrifugation at 13,400 g for 15 min at 4°C. The precipitate was washed twice with DEPC water in 75% ethanol. RNA was dissolved in DEPC water.
The reverse transcription step was performed according to the procedure in the instructions of reverse transcription kit from Vazyme (Nanjing, China). The final cDNA was diluted five times for subsequent experiments. Real-time quantitative PCR was performed using a Tiangen quantitative PCR premix kit from Tiangen (Beijing, China). Quantitative PCR primers were as follows: mouse fam198a, RT-mfam198aV1-982-s 5′-TAGATGGGTTTCCAGAG TCCG-3′ and RT-mfam198aV1-1650-a 5′-AGGACATGCTTCAG ACCTGC-3′; mouse 18s-f, 5′-GTAACCCGTTGAACCCCATT-3′ and 18s-r, 5′-CCATCCAATCGGTAGTAGCG-3′. Mouse 18s-f was used as the internal reference gene.
Statistical analysis
Data were expressed as the mean ± SD. Statistical significance of quantitative data was determined by the Student's t-test in GraphPad software. P < 0.05 was considered significantly different.
Results
Fam198a is associated to caveolae and its post-translational process Fam198a was found in caveolin-1 antibody immunoprecipitated samples from isolated caveolar lipid microdomains (Supplemental Fig. S1 ). Immunofluorescence staining of A549 cell revealed the colocalization of Fam198a with caveolae, but not with clathrin-coated pits/vesicles (Fig. 1A) . STORM observation revealed an overlapped ring shaped structure formed by Fam198a and caveolin-1 signals (Fig. 1B) . It had an external diameter about 100 nm, similar to that of caveolae. From porteinaltas database (www.proteinatlas.org), Fam198a was found to be co-expressed with cavin-1 and caveolin-1 in all human tissues and some were shown in Fig. 1C .
Proteins associated with caveolae are usually co-fractionated with caveolin-1 by detergent-extraction and sucrose-density gradient centrifugation. Analysis of detergent-extraction and sucrose-density gradient samples of MEFs revealed the co-fractionation of a protein band of 55-60 kDa with low-density caveolae fractions (Fig. 1D) . The major Fam198a protein band at 35 kDa was not associated with caveolae fractions. Based on cDNA sequence, Fam198a has 575 amino acids and a predicted molecular weight of 63 kDa. The appearance of a 35 kDa protein suggested a post-translational proteolytic cleavage.
Western blot analysis of cultured A549 cells, 3T3-L1 cells, and MEFs revealed two protein bands with molecular weight of 60 kDa and 35 kDa (Fig. 2A) . The smaller 35 kDa band might have disulfide bonds as the reducing reagent, dithiothreitol, decreased its mobility in SDS-PAGE (Fig. 2B ). An HA-tag inserted in the middle of Fam198a revealed that the 35 kDa protein was proteolytically cleaved from the 55-60 kDa precursor (Fig. 2C,D) . Expression of Fam198a with N-terminal Flag tag and C-terminal myc tag indicated the cleavage of both N-and C-terminal ends during post-translational process (Supplemental Fig. S2 ). Neither tag was detected in the final processed 35 kDa.
The propeptide proteolytic cleavage analysis for protein processing (http://www.cbs.dtu.dk/services/ProP/) predicted two potential protease cleavage sites, Arg residues 120 and 437, which produces a 35 kDa protein fragment (Fig. 2E) [32] . Analysis of 20 mammalian Fam198a amino acid sequences indicated a conserved Arg 120 and a uniform Arg 437 (Fig. 2F) . To verify the prediction, Arg 119, 120, and 437 were mutated to Ala residues (Fig. 2G) . The mutated Fam198a expressed in MEFs could not be cleaved into the smaller 35 kDa form (Fig. 2H) . Thus, the 35 kDa protein was the processed mature Fam198a.
Caveolae biogenesis is required for Fam198a posttranslational process
Cavin-1 −/− MEFs were obtained from cavin-1 −/− mice and used to analyze its Fam198a process. Two cavin-1 −/− MEFs from independent litters both showed an inhibited Fam198a posttranslational process (Fig. 3A) . The processed Fam198a in cavin-1 −/− MEFs was greatly reduced (Fig. 3A) . Supplement of cavin-1 by exogenous cavin-1 in cavin-1 −/− MEFs fully reversed the inhibited Fam198a post-translational process (Fig. 3B) . Most importantly, a cavin-1 mutant (Δ55-77), with the first leucine-zipper motif of amino acid 55-77 deleted to disrupt its caveolae association [28] , completely lost its ability to rescue the inhibited Fam198a posttranslational process in cavin-1 −/− MEFs (Fig. 3B) . In comparison, deletion of the second leucine-zipper motif of amino acid 166-189, which did not affect its caveolae association [28] , had no adverse effect on its ability to rescue the blocked Fam198a process (Fig. 3B) . Thus, cavin-1 deficiency-inhibited Fam198a post-translational process could be rescued by the functional cavin-1, but not by cavin-1 Δ55-77 mutant that could not associated with caveolae [28] . The caveolae association enabled cavin-1 to participate and regulate Fam198a post-translational process. Fam198a has a signal peptide to lead its synthesis in ER (Fig. 3C) . The newly synthesized Fam198a precursor was detected in ER fractions with the marker protein calnexin (Fig. 3C) . The Fam198a cleavage happened in Golgi apparatus, as both Fam198a precursor and processed forms appeared in GM130 marked fraction (Fig. 3C) . And the final secreted Fam198a was mostly in low-density cytosolic fractions (Fig. 3C) . In cavin-1 −/− MEFs, only Fam198a precursor was detected in ER and no processed Fam198a forms were detected in Golgi apparatus or other membrane vesicles (Fig. 3C) . It appeared that Fam198a precursor could not leave ER in the absence of cavin-1. Immunofluorescence staining of Fam198a in cavin-1
or caveolin-1 −/− MEFs also revealed the co-staining of Fam198a with calnexin, but not GM130 (Fig. 3D,E) . It was in consistence with the intracellular membrane fractionation results. The blockade of Fam198a precursor in ER indicated that caveolae biogenesis was the only pathway for Fam198a secretion. It could not be transported by other ER transportation vesicles. In the absence of cavin-1, caveolae could not be formed. There was no functionally active caveolae biogenesis pathway to transport Fam198a from ER.
Cavin-1 is involved in Fam198a secretion
Fam198a is a secreted protein kinase [17] . It was secreted in the lumen of the tracheal serous glands in wild-type mice (Fig. 4A) . In cavin-1 −/− mice, the protein level of Fam198a in tracheal serous glands was greatly reduced (Fig. 4A) . There was not much protein in lumen either. Fam198a mRNA analysis indicated that cavin-1 or caveolin-1 deficiency did not inhibit Fam198a mRNA transcription (Fig. 4C) . In several tissues, cavin-1 deficiency even increased mRNA level. In lung, Fam198a was constitutively secreted from the cells and there was hardly any mature form retained inside the cell (Fig. 4B) . In the absence of cavin-1, the protein level of Fam198a precursor in lung was also decreased (Fig. 4B and Supplemental Fig. S3 ). Considering the high Fam198a mRNA level in lung of cavin-1 −/− or caveolin-1 −/− mice (Fig. 4C) , the absence of cavin-1 suppressed the translation of Fam198a or reduced its protein stability, but did not inhibit the transcription. A549, a lung adnocarcinoma cell line, has high Fam198a protein level, but low cavin-1 protein level (Fig. 4D) . Large amount of mature Fam198a protein was retained in the cell and no Fam198a could be secreted out of the cell (Fig. 4D) . In comparison, HeLa cell that has high cavin-1 protein level could secret great amount of Fam198a into the culture medium (Fig. 4D) . To investigate the function of cavin-1 in Fam198a secretion, exogenous cavin-1 or its mutants was expressed in A549 cells to increase cavin-1 protein level. As shown in Fig. 4E , the expression of wild-type cavin-1 in A549 cell enabled the cell to secret the retained Fam198a. The expression of cavin-1 Δ55-77 mutant that cannot associate with caveolae could not promote Fam198a secretion (Fig. 4E) . A neutral cavin-1 Δ166-189 mutant which lacks the second leucine-zipper motif that is irrelevant to caveolae association could promote Fam198a secretion just as efficient as the wild-type protein (Fig. 4E) .
The retention of mature Fam198a in A549 cells and the restoration of its secretion by exogenous cavin-1 indicated the involvement of cavin-1 in the final steps of Fam198a secretion. In normal lung cell, the high cavin-1 protein level enabled the secretion of most mature Fam198a (Fig. 4B) . The retention of mature Fam198a in lung adenocarcinoma A549 cell suggested a disrupted Fam198a secretion pathway or mechanism by carcinogenesis. Consequently, the extracellular protein phosphorylation patterns on the surface of A549 cell or possibly other lung cancer cells might be altered due to the lack of secreted protein kinases.
Discussion
Many secreted proteins are phosphorylated by secreted kinases in the lumen of the Golgi apparatus or in the extracellular space [16, 33, 34] . Human four-jointed kinase (fjx1) is one of these kinases, which localizes in Golgi and phosphorylates secreted proteins during the transit through the secretory pathway [17] . Fam198a is identified by PSI-BLAST (Position-Specific Iterative Basic Local Alignment Search Tool) as a member of fjx1-related protein kinases family [17] . It is secreted from ER to extracellular space [17] .
The post-translational process of Fam198a produces the final secreted form of Fam198a in Golgi apparatus (Fig. 3C) . The kinase activity of Fam198a should be formed after this post-translational cleavage. The synthesis of Fam198a precursor instead of an active kinase in ER can prevent any unnecessary phosphorylation of other proteins in ER.
The secretion pathway of Fam198a utilizes the caveolae biogenesis pathway. There is evidence that caveolae biogenesis pathway is able to carry protein secretion. Post-Golgi caveolar vesicles have been reported to incorporate secretory protein cargo. Two tagged secretory proteins, tsO45-VSVG-GFP (VSVG-GFP) and GPI-anchored GFP (GFP-GPI), are sorted into distinct post-Golgi transport vesicles [35] . The secretion through caveolae biogenesis pathway separates Fam198a from proteins in caveolae-independent membrane trafficking pathways and prevents their cross phosphorylation by Fam198a during the secretory transit. The exclusive dependence on caveolae biogenesis pathway for Fam198a secretion complicates the cellular consequences of caveolae deficiency. Any cellular activities regulated by the secreted kinase will be targeted by caveolae deficiency. Through the ablation of caveolae, the deficiency of cavins or caveolins may indirectly affect cellular activities regulated by the secreted proteins.
The biogenesis of caveolae is originated in ER as the newly synthesized caveolin-1 inserts into the ER membrane and forms oligomers [11, 36] . The oligomer complex is then transported to Golgi apparatus. The retention of Fam198a in ER of cavin-1-deficient cells indicates that the caveolae biogenesis pathway is the only route for Fam198a to leave ER (Fig. 3) . Cavin-1 is reported to associate with caveolin-1 and caveolar membrane after the caveolar vesicles leave Golgi apparatus [5, 6, 12] . The blockade of Fam198a in ER indicates no caveolar vesicles generated in ER of cavin-1-deficient cells. In this case, it is most likely due to the fact that cavin-1 deficiency causes the suppression of caveolin-1 protein, which is essential for the formation of caveolar vesicles in ER [3] [4] [5] [6] 9, 13] . 
